ABSTRACT: The study investigates the planktonic food web of an oligotropluc atoll lagoon (Takapoto, French Polynesia). The growth (k) and grazing mortality (g) rates of heterotrophic bacteria, cyanobacteria, and 1-3 pm and >3 pm (large) algae were assessed, in the presence and absence of the large grazers (>35 pm protozoa), by serial dllution experiments. Taxa-specific feeding relationships were obtained from fluorescently labeled prey uptake experiments. The major consumers of 0.4 pm bacteria were aplastidic nanoflagellates (7 pm Leucocryptos and 10 pm Halosphaera), and those of 3-5 pm chlorophyceae (Nannochloropis and Chlarnydornonas) were heterotrophic dinoflagellates (32 pm Achradina and 33 pm Prorocentrum). The protozoa exerted a low grazing pressure on heterotrophic bacteria, even when the large grazers were removed (mean values: g = 0.26 d-'). In contrast, the grazing rates of 1200 pm protozoa on cyanobacteria (mean values. g = 0.43 d-l), which were the dominant pnmary producers, represented 74% of their growth rates. In absence of the >35 pm grazers, the grazing on cyanobacteria increased, being 4 times higher than on heterotrophic bacteria. These results indicate that, in an oligotrophic planktonic food web where the consumption of bacteria is low, the grazing of protozoa on cyanobacteria is a major carbon pathway. Large algae were grazed at rates equivalent to their growth rates (mean values: g = 0.47 d-'; k = 0.50 d-l), which implies a steady-state situation with rapid cycling of the algal biomass. In samples without the >35 pm grazers, the grazing mortality and growth rates of large phytoplankton increased significantly, indicating a close coupling between the growth of >3 pm algae and grazing pressure under natural conditions. This coupling is likely mediated by increased nutrient regeneration. The results indicate that the large protozoan consumers controlled the grazing pressure and nutrient regeneration of the small protozoa, which in turn controlled the abundance of phytoplankton and growth of large algae. It follows that the structure of the oligotrophic planktonic food web under low grazing on bacteria is ultimately governed by protozoan microzooplankton.
INTRODUCTION
The planktonic food web has been the focus of renewed attention during the past 2 decades (e.g. Azam 1998). It was shown that the microbial food web 'Present address: Departement des sciences naturelles, Faculte de Bizerte, Universite Tunis 11, Bizerte (Zarzouna), 7021, Tunisia "Corresponding author. E-mail: louis.legendre@bio.ulaval.ca may be a major link between phytoplankton and meso-or macrozooplankton, especially when the algae are dominated by pico-and nanoplankton (Nielsen et al. 1993 ) and under oligotrophic conditions (Roman et al. 1988 ). This link is mediated by microzooplankton (Azam et al. 1983 , E. B. Sherr et al. 1986 ). Indeed, the small protozoa ( c 2 0 pm), which have high growth rates (Riegman et al. 1993 , Sherr & Sherr 1994 , can graze on autotrophic picoplankton (Bernard & Rassoulzadegan 1993 , Liu et al. 1995 and nanoplankton (Verity 1991 , Sherr & Sherr 1994 at high rates. The grazing of protozoa on phytoplankton was estimated to be as high as 100% of the algal production in the Arabian Sea (Reckermann & Veldhuis 1997) and in coastal waters of the western Gulf of St. Lawrence, Canada (Tamigneaux et al. 1997) . The small grazers are preyed upon by large microzooplankton (Gifford 1988 , Reckermann & Veldhuis 1997 . The latter are themselves likely controlled by metazoan meso-or macrozooplankton (Paffenhofer 1998), which cannot efficiently capture such small prey as small protozoa (Sanders & Wickham 1993) . It follows that microzooplankton are often trophic intermediates between pico-and nanophytoplankton and large metazoans (E. B. , Sime-Ngando et al. 1995 . In marine ecosystems dorninated by the microbial food web, the protozoa exert a strong grazing pressure on autotrophic pico-and nanoplankton and on heterotrophic bacteria. When the grazing by protozoa on heterotrophic bacteria dominates the food web, the system becomes an almost closed microbial loop (Rassoulzadegan 1993) . Hence, the dominance of one trophic structure over the other depends on the magnitude of microzooplankton grazing on heterotrophic bacteria relative to small phytoplankton.
The grazing rate of microzooplankton on heterotrophic bacteria is believed to be in the same range as bacterial production in most marine, freshwater and coral reef systems (Rassoulzadegan & Sheldon 1986 , Ducklow 1990 , Van Wambeke et al. 1996 , Voros et al. 1996 , Ferrier-Pages & Gattuso 1998 . Since bacteria play a major role in the cycling of materials in planktonic systems (Azam et al. 1983 , B. F. , the grazing mortality rates of bacteria largely determine the fate of bacterial carbon and, therefore, the structure of the planktonic food web. This, in turn, influences the export of biogenic carbon (Legendre & Le Fevre 1995) . The fate of bacterial carbon depends on its consumption efficiency and the number of steps in the aquatic food web (Azam et al. 1983 , Miller et al. 1995 . Phagotrophic flagellates, which are generally 5 to 10 pm in size, and small aloricate clliates are the main consumers of bactena in most planktonic systems (Rassoulzadegan 1993 , Simek et al. 1995 , Havskum & Hansen 1997 . In addition, dinoflagellates may indirectly graze bacteria by ingestion of bacterivorous protozoa (Lessard & Swift 1985) . The feeding rates of bacterivorous protozoa depend on several factors, which include the abundance, size, growth state, and motility of prey. The clearance and ingestion of flagellates are both functions of food concentration, the clearance rate being inverse hyperbolically related to bacterial concentration (Sherr et al. 1983) . When bacterial abundances fall below a threshold, no detectable ciliate feeding occurs (Banse 1982) . Phagotrophic flagellates (Andersson et al. 1986 , Gonzalez 1996 and ciliates (Sirnek et al. 1994 , Christaki et al. 1998 ) selectively remove the largest bacteria, so that a small size may provide bacteria with a refuge from predation. Laboratory and field experiments have shown that protozoa preferentially remove growing or dividing cells (Sherr et al. 1992 , Gonzalez et al. 1993 ) and motile bacteria (Gonzalez et al. 1993) . It follows that morphological and physiological characteristics of bacteria may have, through their influence on the consumption rates of bacterivorous protozoa, a significant effect on the structure and functioning of planktonic food webs.
Relatively little is known about the grazing activity of protozoa in coral reef systems, compared to oceanic waters. This trophic compartment is still under-studied in most atoll lagoons. Since the magnitude of grazing on heterotrophic bacteria relative to pico-and nanophytoplankton determines the type of planktonic food web, the present study addresses the structure of the food web in the lagoon of Takapoto Atoll based on the grazing mortality caused by protozoa on different planktonic compartments. Similar to other oligotrophic environments, primary production in the lagoon of Takapoto is dominated by cyanobacteria. Prochlorophvtes are present, but their contributions to the chlorophyll a (chl a ) biomass and phytoplankton production are negligible, i.e. 4 and 2%, respectively. Bacterial production is low (Torreton & Dufour 1996) , but the numerical abundance of heterotrophic bacteria is higher than generally reported in other oligotrophic and coral reef systems. To explain this apparent paradox, we hypothesized that the heterotrophic bacteria, which are very small in the lagoon (0.035 pm3, or 0.4 pm d i a n~. ) , are grazed by protozoa at low rates. Hence, the grazing of protozoa on cyanobacteria and/or algae is expected to be high. If so, the major trophic pathway would be the grazing of protozoa on phytoplankton, not on heterotrophic bactena, thus resulting in a structure of the planktonic food web that differs from the usual microbial loop and microbial food web. The alternative hypothesis is that the grazing of protozoa on bacteria is high, but protozoa cannot efficiently control bacterial abundances because they are themselves controlled by larger microzooplankton grazers. This implies that the grazing of small protozoa should increase after the removal of large microzooplankton.
In order to test the above hypotheses, we estimated and compared the grazing activities of small protozoa on heterotrophic bacteria, cyanobacteria and algae in the presence and absence of the large microzooplankton grazers by using the dilution protocol. In addition, the fluorescently labeled prey method was used to determine taxa-specific feeding characteristics.
MATERIALS AND METHODS
Study site. Takapoto Atoll (14" 30' S, 145" 20' W) ( Fig. 1) is located in the North Tuamotu Archipelago (French Polynesia). The lagoon has an area of 81 km2 and a mean depth of 25 m (Charpy 1996) . Exchanges between the ocean and the lagoon are by reef flat spillways (10 m wide, 50 cm deep) in the reef rim. Water residence time in the lagoon is about 4 yr (Sournia & Ricard 1976) , and water temperature is between 28 and 30°C.
Serial dilution grazing experiments. Experimental procedure: In order to estimate the grazing of microzooplankton on heterotrophic bacteria and phytoplankton, 4 experiments were performed in April 1996 (DiluI-96 and DiluII-96) and 1997 (Dild-97 and DiluII-97) using a modified version of the dilution protocol of Landry & Hassett (1982) . Water samples were taken at 2 m depth at Stn 9 (Fig. 1) . The station is representative of mean lagoon conditions (Charpy et al. 1997) . Some water samples were prescreened through a 35 pm mesh and others through a 200 pm mesh, in order to determine the grazing pressure of the S35 pm protozoa (absence of >35 pm grazers) and the whole S200 pm microzooplankton assemblage (presence of the >35 pm grazers), respectively. Water samples were diluted, or not, with particle-free lagoon water (prefiltered through a Gelman 0.2 pm minicapsule filter) to obtain dilution factors of 100 (no dilution), 80, 60 and 40% of natural water. For each experiment, the 4 dilution mixtures were dispensed in triplicate in 2 l polycarbonate acidcleaned flasks, which were incubated in situ at 2 m for 24 h. In 1997, the flasks were amended with nitrate (final concentration of 20 pM) and glucose (final concentration of 5 FM), or with nitrate, glucose, and phosphate (final concentration of 1.5 PM). At the beginning and the end of the experiment, each dilution mixture was sampled for determination of chl a, and abundances of heterotrophic bacteria, phytoplankton, and microzooplankton. Additional samples of natural water were taken for nutrient analysis. Treatment o f water samples: Nutrients were analyzed on liquid-N-frozen samples, according to Parsons et al. (1984) . using an Alpkem autoanalyzer. Samples were size-fractionated by sequentially filtering 1000 m1 of water on 3, 1 and 0.2 pm polycarbonate Nuclepore filters, and chl a was determined using a Turner Fluorometer model 112 according to the method described in Parsons et al. (1984) .
Samples for the identification and enumeration of large algae (2 size classes: 3 to 5 and > 5 pm) and microzooplankton (2 size classes: 535 and >35 pm) were preserved in buffered 0.22 pm prefiltered formaldehyde (final concentration of 1 %). Cell abundances were determined under the inverted microscope (Utermohl 1931 , Lund et al. 1958 ) on 100 m1 settled volumes.
Samples for enumeration of heterotrophic bacteria, cyanobacteria, and small algae (<3 pm) were preserved in buffered 0.22 pm prefiltered formaldehyde (final concentration of 2%). Bacteria were counted after DAPI (4'6-diamidino-2-phenylindole) staining (final concentration of 1.8 pg ml-') (Hobbie et al. 1977 , Porter & Feig 1980 and collection on 0.22 pm black polycarbonate Nuclepore filters. Cyanobacteria and small algae were also enumerated on 0.22 pm black polycarbonate Nuclepore filters, but without staining, taking advantage of their natural red-orange and red-dull fluorescence, respectively, when excited with green light (Booth 1987) . Cell enumeration was done within 5 wk of sampling at xlOOO using a Leitz Dialux 22 epifluorescence microscope.
Algal cell numbers were converted to carbon biomass by applying standard geometric shapes to the cells and using conversion factors of 0.25 pg C cell-' for cyanobacteria (Kana & Glibert 1987) and 0.22 pg C for eucaryotic phytoplankton (Booth 1988) . Bacterial cell carbon was estimated to be 10.54 fg C bacteria-', using the equation: y = ~8 . 6 9 ,~' (Simon & Azam 1989) where X is the mean cell volume (0.035 pm3, or 0.4 pm in diam.) and y is cell protein (fg), the C:protein ratio being equal to 0.86. The carbon biomasses of heterotrophic bacteria were estimated by multiplying their cell carbon by the abundances.
Calculation. For each algal size fraction, the chl a concentration and the carbon biomass were used in turn to calculate the apparent growth rate (r; d-l) using the exponential model given by Landry & Hassett (1982): where No and N, are chl a concentrations or algal carbon biomasses at the beginning and the end of the experiment, respectively, k and g ( d -' ) are the specific growth and grazing mortality rates of phytoplankton, respectively, and t is the time. Eqs. (1) & (2) were also used to estimate the growth and grazing mortality rates of heterotrophic bacteria, using No and N, as the initial and final bacterial carbon biomasses during the experiment, respectively. For both phytoplankton and heterotrophic bacteria, k and g were determined from linear regressions on the dilution plots, i.e. ln(N,lNo)t-' = f(di1ution factor). The negative slope of the line is g and the y-intercept is k. The significance of the regression line was t-tested. All regression statistics were significant (p < 0.05), so all data from the serial dilution experiments were used for the calculations.
The numbers of doublings per day of phytoplankton and heterotrophic bacteria were calculated as:
The consumption rates of the carbon biomasses of phytoplankton and heterotrophic bacteria were calculated as:
where CO is the carbon biomass of phytoplankton or bacteria in the undiluted control at the beginning of the experiment. The percentage of algal or bacterial production consumed was calculated as 100glk.
The abundances of 535 pm protozoa were used to calculate their gross growth rate as:
where P, and P, are the initial and final numbers of 135 pm protozoa, respectively, in the experiments w~th-out the >35 pm grazers, and t is the time. The net growth rate of S35 pm protozoa, z ( d -l ) , was calculated with Eq. (5) using the values from experiments with the >35 pm grazers. The grazing rate on 135 pm protozoa was computed as:
The percentage of 535 pm protozoan production consumed was calculated as 100g'lz' Statistical analyses: In order to test the effect of >35 pm grazers on 135 pm protozoan grazing, t-tests were used to compare the values from expenments with and without the large grazers. Analyses of variance (ANOVAs) were used to compare averages among the 4 experiments FLB and FLA grazing experiments. The specific grazing activities of heterotrophic flagellates, dinoflagellates, and ciliates on bacteria and algae were assessed by short-term (1 h) uptake of fluorescently labeled bacteria (FLB; Sherr et al. 1987 ) and algae (FLA; Rublee & Gallegos 1989), respectively. The FLB and FLA short-term experiments were performed on 7 and 19 April 1997, respectively. In order to estimate the total effect of 535 pm protozoan grazing on bacteria or algae, 2 experiments were performed on 8 and 16 April 1997, during which we determined the long-term (24 h) disappearance of FLB and FLA in the incubated samples (Marrase et al. 1992 .
Preparation o f FLB and FLA stock solutions: Heatkilled FLB were prepared as described by Sherr et al. (1987) . Bacterial cultures were isolated from the water column of Lake St. Charles (Quebec, Canada) and grown on yeast extract medium for 2 d. Bacterial isolates were harvested by centrifugation at 22000 X g for 15 min. The bacterial pellets were suspended in a 0.05 M phosphate-buffered saline solution, and stained with 5-(4,6-dichlorotriazin-2-yl) aminofluorescein (DTAF) at 60°C for 2 h, after which the cells were washed 3 times with the phosphate-buffered saline solution and suspended in a 0.02 M pyrophosphate saline buffered solution. The stock solution (2 X 10' FLB ml-') was stored frozen in small volumes (2 ml), as recommended by Sherr et al. (1989) . 7 0 % of 1000 enumerated FLB from the stock solution were 50.5 pm diameter, which corresponds to the size of bacteria in the lagoon of Takapoto Atoll (ca 0.4 pm). Hence, the results of FLB experiments are pertinent to heterotrophic bacteria, not cyanobacteria (ca 0.85 pm).
For preparation of the FLA stock solution, we used the chlorophycean Nannochlons sp. When stained with DTAF, this species has the advantage of producing uniformly bright apple-green fluorescent cells, which are easily distinguishable under epifluorescence microscopy (Rublee & Gallegos 1989) . We followed the method of Rublee & Gallegos (1989) to prepare the FLA from clonal algal cultures. The procedure to label the algae was that of Sherr et al. (1987) , described above, except that centrifugation was done at 800 x g and the cells were resuspended, in addition to the pyrophosphate saline buffered solution, with dimethyl sultoxide. The latter minimizes cell damage due to freezing . The FLA stock solution (7 X 107 FLA ml-l) was stored in small volumes in the refrigerator. The FLA were 3 to 4 pm diameter, which resembles the size of natural Chlorophyceae (3 to 5 pm) in the lagoon.
Experimental procedure and calculation: Before use, the FLB and FLA stock solutions were resuspended in the pyrophosphate saline buffered solution (1:10), vortexed, and sonicated to disaggregate clumped cells. Water samples collected at 2 m depth at Stn 9 (Fig. 1) were prescreened through a 35 pm mesh, before being poured into clear acid-washed 2 l polycarbonate flasks. The samples remained untreated for 30 min, to let the planktonic community recover from handling, after which the FLB or FLA were added. All experiments were performed in triplicate.
Short-term uptake experiments. For the short-term uptake experiments, the FLB and FLA were added at final concentrations of 16% of the natural bacterial population and 30% of the natural Chlorophyceae assemblage in the lagoon, respectively. The treated flasks were incubated in situ at 2 m. Subsamples were taken at 15 min intervals for 60 min. At each sampling time, 20 m1 (for the FLB treatment) or 100 m1 (for the FLA treatment) of sample were removed from each flask and fixed with 0.5 % (final volume) alkaline Lug01 solution followed by 3 % (final volume) boratebuffered formaldehyde and a few drops of thiosulfate sodium solution. This fixation treatment preserves the cells and prevents the egestion of the contents of food vacuoles for flagellates (Sherr et al. 1989 ). Cells were enumerated using a modification of the protocol of Sherr et al. (1987) . The preserved subsamples were settled, using the Utermohl sedimentation technique, for 48 h and examined under an inverted microscope equipped with a n epifluorescent lamp. This method has the advantage of counting the numbers of FLB or FLA per protozoan cell, and simultaneously identifying and counting the protozoa, which have ingested or not the FLB or FLA. Small subsamples were taken at time zero to determine the exact concentration of FLB or FLA added to the samples. Additional subsamples (20 ml) were taken, stained with DAPI (final concentration of 1.8 pg ml-l), and filtered on 0.22 pm Nuclepore black polycarbonate filters for enumeration of total natural bacteria. Other subsamples (100 ml) were taken and fixed with buffered 0.22 pm prefiltered formaldehyde (final concentration of 1 %) for enumeration of natural 3 to 5 pm algae.
The short-term uptake rates of FLB or FLA (prey ind.-I h-') were calculated for flagellates, dinoflagellates, and ciliates, from the linear portion of the curve of average numbers of FLB or FLA per protozoa as a function of time, by simple regression analysis. The FLB or FLA uptake rates were divided by the number of added FLB or FLA to estimate the hourly individual clearance rate (ICR: p1 ind.-' h-'). The grazing rates (g) of the 3 groups of protozoa were calculated from their corresponding individual clearance rates and abundances as:
For each protozoan group, the individual ingestion rates (IIR: cells ind.-' h-') were calculated by multiplying the ICR by the abundances of both fluorescent and natural prey, i.e. FLB + natural heterotrophic bacteria or FLA + 3 to 5 pm natural algae. The ingestion rates were also expressed in terms of carbon (pg C ind.-' h-') by converting the prey cell numbers into carbon biomass, using the conversion factors and formula given above for the dilution experiments. Finally, the IIRs of each protozoan group were multiplied by the corresponding total abundance in natural water and by 24 h to obtain daily rates (cells 1-' d-' or pg C 1-' d-') of bacteria or 3 to 5 pm algae consumed by the whole assemblage of flagellates, dinoflagellates, or ciliates.
Long-term disappearance experiments. The flasks were inoculated with FLB and FLA at a final concentration of 64% of the natural bacterial numbers and 80% of the natural 3 to 5 pm algae, respectively. The treated flasks were incubated in situ at 2 m. Subsamples were taken every 4 h for 24 h, and preserved in the same way as for the short-term uptake experiments. The preserved subsamples were filtered on 0.22 pm Nuclepore black polycarbonate filters, and the FLB and FLA were counted under a Leitz Dialux 22 epifluorescence microscope, following the method of Sherr et al. (1987) . Subsamples were also taken to count the total numbers of natural bacteria and 3 to 5 pm algae.
The grazing rates ( g , h-') were calculated from the rates of disappearance of fluorescent prey (FLB or FLA) as:
where F. and F, are initial (at 0 h) and final (at 24 h) concentrations of FLB or FLA, respectively, and t is the time. The total cell numbers of c35 pm protozoa were converted into total volumes by applying standard geometric shapes to the protozoan cells, and grazing rates were divided by the total volumes of 135 pm protozoa to obtain volume-specific clearance rates (CR: p1 pm-3 h-'). The volume-specific ingestion rate for the 535 pm protozoa (IR: cells ingested pm-3 h-') was calculated as in the short-term uptake experiments (IR = CR X cell concentration), the cell concentration being the sum of FLB and natural bacteria or FLA and 3 to 5 pm algae. The ingestion rate was expressed in terms of carbon (pg C pm-3 h-'), in the same way as in the short-term uptake experiments. Finally, the daily rate of ingestion of bacteria or 3 to 5 pm algae by the whole 535 pm protozoan assem- 
Characteristics of the plankton assemblage
Serial dilution experiments During our study, there was no significant differThe initial conditions for each dilution grazing ence between the 2 years for any of the planktonic experiment are given in Table 1 . The results of the 4 variables. Hence, all values given below are averages dilution experiments were used since the slopes of all over all experiments. In the lagoon, heterotrophic regressions were significantly different from zero. bacteria were very abundant (1.6 X 10' cells I-'), with a mean carbon biomass of 16.7 pg C 1-l. The average algal carbon biomass was 29.5 pg C I-', and the mean Growth and grazing mortality of heterotrophic bacteria chl a concentration was 0.24 pg 1-'. The < l pm size fraction contributed >50 % to the total chl a. The phyIn both the presence and absence of large grazers toplankton assemblage was numerically dominated (>35 pm), the grazing rates on bacteria were homogeby small algae, i.e. cyanobacteria (mean size: 0.85 pm;
neous among experiments and not significantly differ-1.8 X 10' cells 1-') and <3 pm algae (mean size: ent between the 2 treatments ( Fig. 2a) . For the 3 exper-2.5 pm; 2.9 X 106 cells 1-l). The assemblage of large iments and 2 treatments, the average grazing on (>3 pm) algae in the lagoon was dominated by 3 to bacteria was 0.25 d-l. The mean consumption rate of 5 pm Chlorophyceae (0.5 X 106 cells I-'), which reprebacterial carbon biomass was 4.3 pg C 1-' d-l. On aversented 68% of the total number of > 3 pm algae (in age, protozoan bacterivory corresponded to 28% of atoll Iagnons: Chlorophyceae are qenerally not abundant, e.g. Uvea Atoll, New Caledonia; Le Borgne et al. 1997) . Dinoflagellates (42 X 103 cells 1-l) and coccolithophores (17 X 103 cells I-') represented 19 and 8 % of > 3 pm algal abundances, respectively. For all experiments, the assemblage of large algae was dominated by the following genera: Nannochloropsis (3 pm) and Chlamydomonas (5 pm) (Chlorophyceae), Gymnodinium (10 pm) (dinoflagellates), and Acanthoica (15 pm), Corisphaera (12 pm) and Syracosphaera (14 pm) (coccolithophores).
The 135 pm microzooplankton were mostly dominated by nanoflagellates, which added up to 44 X 103 cells 1-l. This protozoan group was represented by 3 aplastidic taxa, i.e. Halosphaera (10 pm), Leucocryptos (7 pm), and Telonema (14 pm). In most marine ecosystems, the nanoflagellate assemblage is numerically dominated by <5 pm organisms . Because these organisms are fragile and more susceptible to lysis when stored, they were probably underestimated in the present study. The 535 pm heterotrophic dinoflagellates were also present (7.3 X 103 cells I-'), being dominated by Achradina (32 pm), Gonyaulax (25 pm), Pronoctiluca (27 pm), and Prorocentrum (33 pm). The 535 pm protozoan assemblage also included small oligotrichous naked cfiiates bacterial growth. The growth rates of bacteria were the same in the presence or absence of the >35 pm consumers (Fig. 2b) . They were not different between the 1996 and 1997 experiments, despite the fact that the Dilul-97 flasks were enriched with nitrate + glucose.
The mean growth rate was 0.9 d-', which gives a value of 1.3 doublings d-'.
Growth and grazing mortality of phytoplankton Fig. 2 also gives the results of dilution experiments for algal carbon. In each treatment and for each algal group, the estimated variables were homogeneous among experiments. The grazing rates on cyanobactena were 3 times higher without the >35 pm grazers than with them (1.2 and 0.4 d-l, respectively; Fig. 2a ). On average, 5 pg of cyanobacterial carbon were consumed per litre daily by the $200 pm grazers, the rate being 3 times higher (15 pg C 1-' d-') without the large grazers. The growth rates of cyanobacteria were the same for the 2 treatments (Fig. 2b) , the mean value being 0.5 d-', which gives a value of 0.7 doublings d-'. Total microzooplankton grazing was 74 % of cyanobacterial growth, the percentage being >l90 % when the 135 pm protozoa only were present.
As observed for cyanobactena, the grazing rates on algae by the $35 pm protozoa alone were significantly higher than those estimated for the whole microzooplankton assemblage (Fig. 2a) . This was true for the 3 algal size classes (<3, 3 to 5, and > 5 pm). The mean grazing rates for 1200 pm microzooplankton were 0.4, 0.4, and 0.5 d-', respectively, the grazers consuming 2, 1, and 5 pg C 1-' d-' of the 3 algal size classes, respectively. In the absence of the >35 pm grazers, the mean grazing rates on the 3 algal size classes were 1.4, 1.3, and 1.5 d-l, respectively, the mean carbon consumption rates by the <35 pm grazers being 7, 4, and 14 pg C 1-' d-', respectively. The < 3 pm algal growth rates, like those of cyanobacteria above, were not significantly different between treatments (Fig. 2b) (Fig. 2b) . The grazing mortality of algae by total microzooplankton represented 56, 80, and 100% of algal growth in the 3 size classes, respectively, whereas, in the absence of the large grazers, the 135 pm protozoan grazing was 150, 108, and 115% of algal growth for the respective size classes. Table 2 . Net growth rates (d-'; in the presence of the >35 pm grazers) and gross growth rates (d-'; in the absence of the >35 pm grazers) of the 1 3 5 pm protozoa, and grazing mortality rates (d-l) The results of dilution grazing experiments are given in Fig. 3 for chl a biomass. The grazing of microzooplankton on phytoplankton was significantly enhanced when the >35 pm grazers were removed (Fig. 3a) , this being true for the 3 size fractions. In each treatment and for each size fraction, the grazing rates were homogeneous among experiments. The mean grazing rates of the whole microzooplankton assemblage on the >3, 1 to 3 and c1 pm chl a were 0.3, 0.5, and 0.4 d-l, respectively. For the 135 pm grazers alone, the grazing rates were > 2 times those for total microzooplankton, giving mean values of 0.8, 1.0, and 0.9 d-', respectively. Concerning growth rates, only those of > 3 pm chl a were enhanced by the removal of large grazers (Fig. 3b) , the mean value being 0.3 d-' with the large grazers and 2.5 times as high (0.7 d-') without them. For the > 3 pm chl a, the grazing rates represent ca 100% of the growth rates with or without the >35 pm grazers. For the c 1 and 1 to 3 pm chl a size fractions, the growth rates were not higher when the large grazers were removed, the values being similar for the 2 fractions (mean of 0.5 d-l). The total microzooplankton qrazing rates represent 100 and 80% of the growth rates of the 1 to 3 and < l pm chl a size fractions, respectively. In the absence of the >35 pm grazers, the 135 pm protozoan grazing was >170% of growth in the 2 chl a size fractions.
Growth and grazing mortality of 135 pm protozoa Table 2 gives the growth rates of 135 pm protozoa estimated in the presence of the >35 pm grazers (net growth rates), and in their absence (gross growth rates). The difference between the 2 growth rates provides the >35 pm microzooplankton grazing rates on S35 pm protozoa. The 3 estimated variables were homogeneous among experiments. The 535 pm protozoa had a mean gross growth rate (0.44 d-l) 3 times higher than their mean net growth rate (0.14 d-'). They were removed by the >35 pm grazers at a rate of 0.3 d-l, which represents 67 U/u of the small protozoan gross growth.
FLB and FLA short-term uptake experiments
In the short-term uptake experiments (1 h), the incubated samples were prescreened on a 35 pm mesh. The experiments thus provide estimates of specific rates for the various protozoan groups 535 pm in size. The results of FLB and FLA short-term uptake experiments are given in Table 3 .
Microscopic counts show that phagotrophic flagellates made up a major portion of the bacterivorous protozoa (81 % of the protozoa that ingested FLB). Within the flagellate group, the organisms that consumed the FLB belonged to genera Leucocryptos and Halosphaera, which are 7 and 10 pm in size, respectively. The heterotrophic dinoflagellates and ciliates were minor components of the bacterivorous protozoa (1 1 and 8 % of the protozoa that ingested FLB, respectively). The former were dominated by the pigmented species Gymnodinium prolaturn (<l0 pm), and the latter were represented by the small oligotrichous ciliate genus Strombidlum In the FLA short-term uptake experiment, the heterotrophic flagellates, dinoflagellates, and ciliates made up similar proportions of the phytophagous protozoa, i.e. 35,30, and 35 % of the protozoa that ingested FLA, respectively. Genus Telonema (14 pm) was the major flagellate taxon ingesting FLA. The major phytophagous dinoflagellates belonged to Achradina (32 pm) and Prorocentrum (33 pm). The ciliates that ingested FLA belonged to Lobeilia (34 pm) and Strombidium (31 pm). Despite the fact that the proportions of the 3 protozoan groups among the phytophagous protozoa were similar, dinoflagellates had the highest specific rates of grazlng (1.2 d-'), clearance (10.8 p1 ind.-' h-'), and ingestion (12.6 algae ind.-' h-'). The ingestion rate of the dinoflagellate assemblage was 1.4 X 106 algae 1-I d l , giving a daily ingested carbon biomass of 4 . 3 pg C I-'. The phagotrophic flagellates had the lowest specific clearance (0.6 p1 ind.-' h-') and ingestion (0.8 algae ind.-' h-') rates. Their assemblage ingestion rate was 0.8 X 106 algae 1-I d-l, or 2.5 pg C I-' d-l. The ciliates had specific clearance (2.1 p1 i d -' h ') and ingestion (2.4 algae ind.-' h-') rates higher than those (Fig. 2a) . The 135 pm protozoan assemblage ingestion of flagellates, but their assemblage ingestion rate rate of carbon (5.6 pg C 1-' d-l) was also in the same (0.1 X 106 algae I-' d-l, or 0.4 pg C 1-' d-') was the lowrange as those estimated for the 3 to 5 pm algae withest because these protozoa were the less abundant out the 35 to 200 pm grazers. group in the protozooplankton.
DISCUSSION FLB and FLA long-term disappearance experiments
Estimation of microzooplankton grazing rates Results of the FLB and FLA long-term disappearance experiments (24 h) are given in Table 4 . During these experiments, we calculated the FLB and FLA disappearance rates, which are the grazing rates of the whole 535 pm protozoa assemblage (the incubated samples were prescreened on a 35 pm mesh). The results of the FLB and FLA long-term disappearance and dilution experiments without the >35 pm grazers, which both lasted 24 h, can be compared because the 2 types of experiments provide similar information on the 135 pm protozoan grazing activity. In contrast, the results of the short-term uptake and the long-term disappearance experiments cannot be compared because of the different incubation times, i.e. 1 h for the former and 24 h for the latter.
During the 2 FLB long-term experiments, the grazing rates were similar, with a mean value of 0.2 d-'. These rates are in the same range as those obtained in the dilution experiments (Fig. 2a) . The clearance and ingestion rates had mean values of 0.85 nl pm-3 h-' and 2.5 bacteria pm-3 h-', respectively. The 135 pm protozoan assemblage ingested daily 589 X 106 bacteria 1-' or 6.3 pg C I-'. This carbon ingestion rate is in the same range as the bacterial carbon consumption rates estimated during the serial dilution experiments.
During the 2 FLA long-term experiments, the grazing rates were similar, with a mean value of 1.4 d-l. The grazing rates estimated in the FLA long-term experiments were not different from the grazing coefficients on the 3 to 5 pm algae estimated in the dilution experiments, in absence of the >35 pm grazers During the last few decades, several methods have been developed to assess the role of microzooplankton grazing in plankton trophodynamics. Quantifying the grazing rates is, however, still problematic. In the present study, 2 different methods were used to estimate the grazing effects of microzooplankton in the lagoon of Takapoto Atoll, i.e. the dilution technique, which involves the whole community, and the fluorescently labeled prey method, which is based on addition of a tracer.
The dilution method of Landry & Hassett (1982) has been widely used in plankton research since it provides, in a single experiment, field estimates of growth and grazing mortality for all autotrophic organisms. Even though the technique is not advocated for heterotrophic bacteria (Landry 1993) , our results for bacteria (Fig. 2) are similar to those obtained from the FLB long-term experiments (Table 4 ) , which are more appropriate for these organisms. So, the dilution technique also provides, in the present study, a useful index of bacterial grazing mortality. The central assumption of the dilution method is that the grazing rate is proportional to the dilution effect on grazer concentration (dilution factor). As a corollary, the individual clearance rates of microzooplankton must be constant, i.e. independent of the dilution effect on prey concentration. The dilution of samples can, however, reduce prey concentration below a threshold where the grazers' clearance rates are increased. At the other end of the dilution spectrum, prey concentration in undiluted or minorly diluted samples may be Table 3 . FLB and FLA short-term uptake experiments. Grazing rates (g), individual clearance rates (ICR), individual ingestion rates (IIR), and assemblage ingestion rates (AIR) for the 535 pm phagotrophic flagellates, dinoflagellates, and ciliates. Values are averages of triplicates + SD above the level that saturates grazers' ingestion, so that the grazers' clearance rates may decrease to keep ingestion constant. In both cases, the relationship between the feeding rate and prey concentration (i.e. the functional feeding response) will not be linear (Landry 1994 , which may be reflected in the dilution plots. Since our dilution plots were significantly linear, we conclude that our estimated grazing coefficients from the dilution approach are not biased. Another potential problem arises from the fact that serial dilution experiments require relatively long incubations (24 h) to observe a significant change in prey concentration. Dwing the incubations, nutrients may become depleted, which would modify the growth rates. In such a case the relationship between the apparent growth rate and the dilution factor may have an exaggerated negative slope, because nutrient limitation would be a source of prey decrease additional to protozoan grazing, so that the grazing rate would be overestimated. In our dilution experiments, the estimates of growth coefficients for heterotrophic bacteria, cyanobacteria, several algal size classes, and several chl a size fractions without nutrient enrichment (DiluI-96 and DiluII-96) were similar to those obtained with nutrient amended samples . This indicates that, during our 24 h incubations, the different organisms did not experience nutnent limitation by N or P. There might have been, however, limitation by other nutrients than N or P (e.g. Fe) during the 24 h incubations. The FLB and FLA methods of Sherr et al. (1987) and Rublee & Gallegos (1989) , respectively, require shortterm (l h) incubations, the duration of which is generally less than the vacuole turnover time. These techniques involve the small addition of a particulate tracer, which causes minor disruption only of the natural assemblage. The FLB and FLA short-term uptake experiments have the advantage of providing visual evidence of phagotrophic activity, and allowing researchers to determine the feeding characteristics of the various microzooplankton groups. In contrast, the FLB and FLA long-term (24 h) disappearance experiments assess the grazing activity of the whole microzooplankton community. The 2 types of experiments are not free of problems. Microzooplankton grazing of heat-killed cells may be lower than that of live cells, because of differences in prey size, chemistry, and motility , Gonzalez et al. 1993 ). Another potential problem is that the grazing pressure on fluorescently labeled prey may be underestimated if preservatives cause egestion of vacuole contents (Sieracki et al. 1987) . To avoid this problem, we used the fixation treatment recommended by Sherr et al. (1989) . A third potential problem may come from the fact that we added, in our FLB/FLA long-term disappearance experiments, a concentration of prey higher than a tracer concentration (64 and 80% of the natural concentrations of bacteria and 3 to 5 pm algae, respectively), which might cause a change of the functional feeding response of grazers. We think that this problem did not occur in our study because, in the dilution experiments, we got a significant linear grazing response of protozoa over the range of prey dilutions. So, the central assumption of the dilution technique, i.e. the individual clearance rates of grazers must be constant over the range of dilutions, was respected in our experiments. The clearance rates from the dilution experiments with 535 pm grazers (average of the 4 experiments for bacteria: 0.21 p1 ind.-' h-'; for 3 to 5 pm algae: 1 p1 ind.-' d-l) and from the FLB/FLA long-term experiments (average of the 2 experiments for the FLB and FLA: 0.16 and 1.16 p1 ind.-' h-', respectively) were not different. This means that the grazers did not change their clearance rates (as they did in the dilution experiments), which leads us to conclude that the feeding response of protozoa did not change when the FLB/FLA were added at high concentrations during the long-term disappearance experiments.
'
Despite the fact that the dilution and FLB/FLA protocols may cause artifacts and have limits, these approaches were used simultaneously in the present study to provide detailed information on the grazing activity of protozoa.
Microzooplankton grazing on heterotrophic bacteria and phytoplankton
Recent studies have investigated the abundance and production of heterotrophic bacteria and phytoplankton in the lagoon of Takapoto Atoll (Torreton & Dufour 1996 , Charpy & Blanchot 1998 , but none have addressed their grazing mortality and, therefore, their overall role in the carbon flux. The present study simultaneously used 2 experimental approaches to assess the grazing activity of microzooplankton, which makes it the most detailed and complete to date in a coral reef system.
In the lagoons of Takapoto and the nearby Tikehau Atolls, bacterial abundances are higher (1.6 and 1.9 X 10' cells I-', present study and Gonzalez et al. 1998 , respectively) than those generally reported in coral reef systems, e.g. in the lagoons of One Tree Island (Great Barrier Reef, Australia), Majuro Atoll (Marshall Islands) and Miyako Island (Japan), and in Kaneohe Bay (Hawaii), where bacterial concentrations are 0.5, 0.9, 0.6, and 0.8 X log cells 1-l, respectively (Landry et al. 1984 , Linley & Koop 1986 , Yoshinaga et al. 1991 , Ferrier-Pag&s & Gattuso 1998 . Because of the high abundance of bacteria in Takapoto, we hypothesized that their grazing rates by microzooplankton are low (see 'Introduction').
The results of the dilution experiments indicate that the growth rate of bacteria (0.9 d-l) largely exceeded their grazing rate (0.26 d-l), which is not consistent with the fact that bacterial biomass is temporally stable in the lagoon (Torreton & Dufour 1996) . One possible explanation could be that bacterial mortality in the lagoon was higher than in the incubated flasks, because of viral lysis (Fuhrman & Suttle 1993 , Fuhrman & Noble 1995 . This is unlikely, however, because this cause of mortality should not be different in the flasks and in the lagoon. The alternative explanation is l g h e r bacterial growth in the incubation flasks than in the lagoon, as discussed in the remainder of this paragraph. Bacterial production (3 mg C m-3 d-l) was estimated by Sakka et al. (unpubl. data) from [methyl-3H]thymidine incubations. Using this production, the net growth rate of bacteria p = production/biomass = 3 mg C m-3 d-'/l? mg C m-3 = 0.2 d-l. This value is 3 times lower than the net growth rate of bacteria calculated from our dilution experiments p = (k -g) = 0.9 -0.3 = 0.6 d-l. This indicates that bacterial growth in the incubation flasks was probably enhanced, resulting in overestimated growth rates of bacteria. The growth rates of bacteria were not different in 1996 and 1997, despite the enrichment of the DiluI-1997 flasks with nitrate + glucose. This suggests that these resources may have been artificially enhanced by the lysis of fragile cells during the filtration of the water used for sample dilution, which would have caused a stimulation of bacterial growth in the incubated flasks relative to field conditions. In addition, it was shown that ultraviolet-B radiation has negative effects on the growth of heterotrophic bacteria (Herndl et al. 1993 , Jeffrey et al. 1996 . Hence, another possible cause of bacterial growth enhancement, during our dilution experiments, may have been the reduction of UV-B radiation by the polycarbonate incubation flasks. It follows that the growth rates of bacteria in the lagoon may have been of the same order as their grazing mortality. This would be consistent with reports that, in most marine, freshwater and coral reef systems, protozoa have the potential to graze bacteria at a rate that is equivalent to their growth (Rassoulzadegan & Sheldon 1986 , Coffin & Sharp 1987 , Ducklow 1990 , Van Wambeke et al. 1996 , Ferner-Pages & Gattuso 1998 .
Using the dilution experiment data, we calculated that the $35 pm protozoan assemblage consumed, on average, 4.3 pg bacterial C 1-' d-' or 408 X 106 bacteria 1-' d-'. This consumption rate may be overestimated because, in the calculation of the consumption rate of carbon (Eq. 41, we considered that all bacteria are grazed by protozoa. This may be incorrect because only 12% of the bacteria are growing in Takapoto Lagoon (Torreton & Dufour 1996 ; frequency of dividing-divided cells), and protozoa are known to select growing and dividing cells (Sherr et al. 1992 , Gonzalez et al. 1993 , del Giorgio et al. 1996 . For 12% of growing bacteria, the protozoan consumption rate is 0.65 pg C 1-' d-l, or 158 X 106 bacteria 1-' d-l. This consumption rate is lower than values in other oligotrophic environments such as the Mediterranean Sea (624 X 106 bacteria 1-l d-l, Hagstrom et al. 1988) , the Red Sea (696 X 10"acteria 1-' d-l, Weisse 1989) and the Sargasso Sea (600 X 106 bacteria 1-' d-', Davis & Sieburth 1984). Moreover, the grazing mortality rate of bacteria remained unchanged when the 235 pm consumers were free of predation (Fig. 2a) . This implies that the small bacteria of Takapoto are weakly preyed upon by the small grazers. In the lagoon of Takapoto Atoll, bacteria are very small (0.035 pm3, or 0.40 pm diameter; TorrGton & Dufour 1996). This characteristic can explain the low grazing of bacteria by protozoa, which are known to select large cells (Gonzalez et al. 1990 , Gonzalez 1996 . Gonzalez et al. (1998) similarly found low grazing pressure on heterotrophic bacteria in the lagoon of Tikehau Atoll, where bacteria are small (0.05 pm3, or 0.46 pm diameter).
As previously reported for other marine systems (Sherr et al. 1983 , Havskum & Hansen 1997 , aplastidic nanoflagellates are the main bacterivorous protozoa in the lagoon of Takapoto Atoll. The individual clearance and ingestion rates of flagellates in Table 3 are in the range of values reported in most marine ecosystems (Fenchel 1982a -d, Capriulo 1990 ). In our study, bacterivory was found to be the primary mode of feeding of Leucocryptos. This finding is in contrast to other investigations, in which this nanoprotozoa mainly grazed on nanophytoplankton (Vors 1992). As mentioned in the 'Results', the c 5 pm protozoan flagellates may be underestimated in our study because of the preservation method. If so, their contribution to bacterivory would be underestimated, which may explain the very low grazing rates of flagellates on bacteria obtained in the FLB short-term experiments (Table 3) . In these experiments, the mixotrophic Gymnodinium prolatum made up 11 % of the numbers of protozoa that ingested FLB. The bacterivory of this dinoflagellate is likely to be indirect, i.e. via the consumption of bacterivorous protozoa, because dinoflagellates ingest cells generally larger than bacteria , Sherr & Sherr 1994 . The bacterivorous ciliates in Takapoto belong to the genus Strombidium, whose clearance rates on FLB (0.015 p1 ind.-' h-') are lower than the values reported for 2 species of this oligotrichous genus (0.1 to 0.5 and 1.1 to 3.1 p1 ind. -' h-', Jonsson 1986 ). This may indicate that Strombidium had a larger optimum prey size than bacteria, which is consistent with the fact that these organisms ingested not only FLB but also FLA, their clearance rate on FLA being higher than on FLB. This is also consistent with previous reports that the feeding of ciliates is related to prey size (Sherr et al. 1987 , Gonzalez et al. 1990 .
In contrast to that of heterotrophic bacteria, the abundance of phytoplankton was largely controlled by microzooplankton grazing. Our results show that the rates of growth and removal by microzooplankton were nearly equal for the 2 size classes of large algae (3 to 5 and > 5 pm; Fig. 2a ) and >3 pm chl a (Fig. 3a) . This implies a steady-state situation with rapid cycling of the biomass of > 3 pm algae. The growth rates of small phytoplankton (cyanobacteria and c 3 pm algae) generally exceeded their grazing mortality rates by microzooplankton (Figs. 2a,b & 3a,b) , but rnicrozooplankton grazing represented a high percentage of small phytoplankton growth. The grazing rates of microzooplankton on cyanobactena and c1 pm chl a (mostly cyanobacteria; Charpy & Blanchot 1998) were 74 and 80% of their respective growth rates. These percentages are much higher than those found in other aquatic systems such as Kaneohe Bay (20 %, Landry et al. 1984) , Miyako Island (30 to 50%, Ferrier-Pages & Gattuso 1998) and the Northwest Atlantic (37 to 52%, Campbeli & Carpenter 1986). Our estimates of microzooplankton grazing rates on cyanobacteria and < l pm chl a Figs. 2a & 3a) are similar to those reported in other coral reef systems, e.g. in Kaneohe Bay the grazing mortality of cyanobacteria is 0.1 to 0.4 d-' (Landry et al. 1984 , Liu et al. 1995 . The cyanobacterial growth rates estimated in the present study (mean values: 0.5 d-l, or 0.8 doublings d-l, Fig. 2b ) are, however, lower than those generally reported for oligotrophic tropical waters (1.2 to 2.9 d-l, Bienfang et al. 1984) and coral reef environments (1 to 1.5 d-', Landry et al. 1984 ; 1.5 to 3 d o u b h g s d-l, Ferrier-Pages & Gattuso 1998). As discussed above, there was no sign of nutrient limitation during our 24 h dilution incubations, so that the growth rates of cyanobacteria are likely realistic. Hence, it appears that a large part of the cyanobacterial production was grazed by rnicrozooplankton, the values being even higher when the large microzooplankton were removed, i.e. the 135 pm protozoan grazing rates on cyanobacteria then represented >1?0% of the cyanobacterial growth rates. This is significant for the fate of primary production in Takapoto Lagoon, which is dominated by cyanobacteria (Charpy & Blanchot 1998) .
Interactions between grazers and prey
Trophic interactions among large consumers, firstorder grazers, and prey have been described for various marine planktonic food webs (e.g. Verity & Smetacek 1996, Reckermann & Veldhuis 1997). Our data show that the grazing pressure on >3 pm algae increased significantly in the absence of the >35 pm predators (Fig. 2a) . This indicates that the first-order consumers of algae, i.e. the 535 pm protozoa, were preyed upon by larger microzooplankton. The latter mainly consumed small protozoa, because the assemblage of > 3 pm phytoplankton in Takapoto Lagoon mostly consists of 3 to 5 pm Chlorophyceae (68 % of the total algal number), which are inefficiently captured by large microzooplankton. The 3 to 5 pm Chlorophyceae are mainly consumed by 135 pm heterotrophic dinoflagellates (Achradina and Prorocentrum), whose grazing, clearance, and ingestion rates were the highest among protozoa (Table 3; FLA) . Moreover, in the absence of the large grazers, the 3 to 5 pm algae are consumed at rates equivalent to their growth rates (Fig. 2a,b) . Our data show that heterotrophic dinoflagellates consumed more nanophytoplankton than their potential competitors, the ciliates (Table 3) . This is in contrast to previous studies In which heterotrophic dinoflagellates consumed less nanophytoplankton than the ciliates (e.g. Hansen 1992 , Strom & Morello 1998 . It follows from our study that heterotrophic dinoflagellates, in at least some ecosystems, may be the main link between nanophytoplankton and large consumers.
The increased grazing activity of small consumers in the absence of predators could be due to an increase of their biomasses or/and the individual ingestion rates.
Some studies report increased growth rates of nanoprotozoa in the absence of large predators (Sherr et al. 1983 , Kuosa 1991 . Consistent with these findings, our results show that the growth rates of $35 pm protozoa (Table 2 ) and their grazing rates on >3 pm algae (Fig. 2a) tripled when the large predators were removed. This indicates that the i.ncreased grazing activity of small protozoa likely reflects an increase in their biomasses, not in their individual ingestion rates. Similar to the large algae, the grazing mortality rates of small phytoplankton ( < l pm chl a, 1 to 3 pm chl a, cyanobacteria, and < 3 pm algae) significantly increased when the >35 pm grazers were removed (Figs. 2a & 3a) . The protozoan grazing rates on heterotrophic bacteria remained unchanged, however, when the biomass of $35 pm consumers augmented (i.e. free of predation), which implies that the small protozoa then decreased their individual bacterivory activity. This stresses the fact that the small heterotrophic bacteria of Takapoto are not optimal prey for the small grazers, who preferred, when free of predation, to graze larger food items (i.e. phytoplankton). The 535 pm protozoan grazing rates on small and large phytoplankton were at least 4 times higher than those on heterotrophic bacteria (Fig. 2a) . These results are consistent with our expectation of high grazing on cyanobacteria and algae when the removal rate of bacteria is low (see 'Introduction').
The specific growth rates of small phytoplankton were not affected by increased grazin.g activity of $35 pm protozoa. The growth rates estimated for cyanobacteria and the < 3 pm algae and those obtained for the < l and 1 to 3 pm chl a size fractions did not increase when the large grazers were removed (Figs. 2b & 3b) . Our results do not agree with those of Reckermann & Veldhuis (1997) , who showed increased growth rates of Arabian Sea picophytoplankton when the large predators were removed from samples. In contrast to small phytoplankton, the > 3 pm algae (3 to 5 and > 5 pm) increased their specific growth rates when subjected to increased grazing pressure (Fig. 2b) . Similar results were obtained from the chl a-based dilution experiments (Fig. 3b) . In our dilution experiments, it was shown above that the > 3 pm algae were not N-or P-limited, but Sakka et al. (1999) showed, by using nutrient enrichment bioassays, that > 3 pm algae may sometimes be Fe-limited. It follows that, in our experiments, a possible reason why the growth rates of >3 pm algae increased when they were subjected to a high grazing pressure was the enhanced regeneration of a nutrient (e.g. Fe) by small protozoa (Earbeau et al. 1996) . Increases of nutrient regeneration upon removal of large grazers have also been reported in Chesapeake Bay (Glibert et al. 1992) .
Previous experiments showed that nutrients exerted a bottom-up control on the biomass, growth, and species composition of the algal assemblage in the lagoon of Takapoto Atoll (Sakka et al. 1999 ). The present study provides evidence that grazing also exerts a strong top-down influence on the phytoplankton assemblage, i.e. the abundance and growth of phytoplankton is regulated by small protozoa, through grazing and nutnent regeneration. Given that the large protozoa control the grazing pressure of small protozoa, the interactions between large protozoan consumers and small protozoan grazers deeply influence the dynamics of phytoplankton. It follows that protozoa govern the structure of the planktonic food web in the lagoon of Takapoto Atoll.
Structure of the planktonic food web
The present study simultaneously investigated the grazing and growth of heterotrophic bacteria, cyanobacteria, and algae of the planktonic assemblage in the lagoon of Takapoto Atoll, so that it provides a complete picture of the structure of the planktonic food web. In the lagoon of Takapoto, the abundance of heterotrophic bacteria was high relative to other components of the planktonic food web. The fact that the planktonic food web in Takapoto lagoon is characterized by low grazing on bacteria questions the idea that heterotrophic bacteria always play a major role in the flux of carbon through trophic links in the planktonic food web of oligotrophic systems (e.g. Weisse 1989 , Rassoulzadegan 1993 , Van Wambeke et al. 1996 . Fig. 4 proposes a conceptual model for a microbial food web with low grazing on heterotrophic bacteria. In this planktonic system, heterotrophic bacteria take up dissolved organic carbon originating from phytoplankton exudation, zooplankton excretion, and sloppy feeding, but a small fraction only of the bacterial production enters the planktonic food web and reaches metazoa because of the low bacterivory of protozoa. Because of the low proportion of growing bacteria, the flow of carbon from bacteria to microzooplankton is <4.3 pg C 1-' d-' (0.65 pg C I-' d-l, for 12% active bacteria). The latter characteristic implies other mechanisms of carbon transfer, i.e. strong grazing of phytoplankton by microzooplankton. Small microzooplankton (mostly protozoa) are the major consumers of phytoplankton, with grazing rates corresponding to 74 and 56 to 100% of the algal growth rates, respectively. The flows of carbon from cyanobacteria and algae to rnicrozooplankton (5 and 7.7 pg C 1-' d-', respectively) are much higher than the carbon bacterial flow. Large microzooplankton exert low grazing pressure on 23 pm phytoplankton because these algae mostly consist of 3 to lagoon. Hence, Fig. 4 depicts a microbial food web based on phytoplankton, which is a microbial analogue of the herbivorous food web. This is a n additional type of pathway in the trophic continuum described by Legendre & Rassoulzadegan (1995) . viewers for useful comments on the manuscript. pg C 1-' d-l). Double-headed arrow between nutrients and bacteria reflects This is a contribution to the research programme the fact that the latter may be net producers or net consumers of nutrients.
of GIROQ (Groupe interuniversitaire de rechThe food web is not detailed beyond the metazoan compartment erches oceanographiques du Quebec).
5 pm taxa that are inefficiently captured by the large grazers. The latter efficiently consllme small microzooplankton (grazing rate equal to 67% of the growth rate), thus channeling a large part of the assimilated carbon to metazoa. Because cyanobacteria are the main primary producers, the grazing of protozoa on cyanobacteria, not on heterotrophic bacteria, is a major trophic pathway towards metazoan consumers in Takapoto lagoon. In oligotrophic environments, heterotrophic bacteria generally compete successfully against phytoplankton for nutrients, taking advantage of their small size and high surface-to-vol.ume ratio. The strong bacterivory of protozoa usually recycles nutrients and thus influences the competition between heterotrophic bacteria and autotrophic plankton (Azam et al. 1983) . When the grazing pressure on heterotrophic bacteria is low, as in the lagoon of Takapoto Atoll, primary production may be sustained by alternative mechanisms of nutrient regeneration, e.g. in Fig 4 the grazing of microzooplankton on phytopIankton is the main processes of nutrient regeneration.
As explained in the 'Introduction', the microbial loop is an extreme case of the microbial food web, where microzooplankton feed almost exclusively on heterotrophic bacteria. Despite the fact that cyanobacteria belong to procaryotes and picoplankton as also do heterotrophic bacteria, the planktonic system schematized in Fig. 4 is very different from the microbial loop since microzooplankton almost exclusively graze cyanohacleria, which are the main primary producers in the 
